Sea urchin histones are encoded by several multigene families that differ in their temporal expression in the embryo and by their tissue-specific expression in the adult. The best characterized histone gene family contains clustered sequences encoding all five histone proteins, which are repeated in several hundred nearly identical tandem arrays (1) (2) (3) (4) . Transcripts of these early histone genes are found in the egg and are most abundant in the early blastula stage of development. In the sea urchin Lytechinus pictus, two separately maintained tandem arrays of early genes exist, the A-D and B-C subfamilies, which differ primarily in their spacer sequences (5, 6) . Another gene family consisting of late histone genes has recently been isolated (7, 8) . These genes are repeated only 8-10 times in the sea urchin genome and, unlike their early gene counterparts, are not arranged in tandem arrays. Transcripts derived from these late histone genes are abundant only in postblastula stage embryos (9) (10) (11) (12) and possibly in some adult tissues. The coding regions of these genes differ by 19% in nucleotide sequence from their early gene counterparts (7) .
The temporal expression of the early histone genes during embryogenesis has been examined by in vitro translation of histone mRNA (9) (10) (11) , metabolic labeling of newly made histone transcripts (9, 11, 12) , sensitive nucleic acid hybridization techniques (13) , and analysis of the absolute rates of accumulation and decay of mRNA during embryogenesis (14) (15) (16) . In Strongylocentrotus purpuratus, about 900,000 molecules of each of the four core histone mRNAs and about 80,000 molecules of early H1 mRNA (13) are sequestered in the pronucleus of the egg (17) . This stored histone mRNA must therefore have been synthesized at some time during oogenesis. After fertilization, the number of early histone mRNAs remains constant until the 16-cell stage (13) (14) (15) (16) , and then increases in the blastula to "'10 times the levels found in the egg. Subsequently, transcription of the early histone genes is shut off and a rapid decline in the abundance of the early histone transcripts is found that may be regulated by selective decay of early histone mRNA (15) .
The temporal pattern of late histone mRNAs has also been investigated using techniques similar to those used to study the early genes (9-12), as well as by hybridization of late gene probes to RNA blots (8) . These experiments were able to detect late histone mRNA as early as the 16-to 32-cell stage of development and a peak of mRNA accumulation at the gastrula stage.
By using a sensitive S1 nuclease assay to distinguish between early and late histone transcripts, the expression of mRNA coding for the late histones H3 and H4 has been studied in developing embryos of Lytechinus pictus. The results conclusively demonstrate that late H3 and H4 mRNAs are found in the unfertilized egg. Their genes must therefore be active at some time during oogenesis. In addition, the results show that late histone genes are transcribed at low levels early in development and then further modulated at the blastula stage when they are transcribed at a 5.5-fold higher rate.
MATERIALS AND METHODS
Materials. Sea urchins (Lytechinus pictus) were obtained from Pacific Biomarine (Venice, CA). S1 nuclease was purchased from Sigma, AMV reverse transcriptase was from Life Sciences (St. Petersburg, FL), and all other enzymes were from New England BioLabs. All radioisotopes were obtained from Amersham.
Preparation of RNA. Eggs from several females were fertilized with the sperm of a single male and embryos were cultured in filtered Pacific Ocean water at 17°C (18, 19) . Portions were withdrawn at various times and RNA was prepared by phenol extraction (19) . The egg RNA used in these experiments was from a different group of animals than the embryo RNA preparations. RNA was stored in 70% ethanol.
Labeling of DNA. The 3' ends of DNA fragments were labeled by filling in protruding ends with AMV reverse transcriptase and 32P-labeled nucleotide triphosphates. Either 10 jig of restricted plasmid DNA or 2 ,g of purified fragment was incubated at 37°C for 60 min in 50 mM Tris'HCI, pH 8 .3/40 mM KCI/6 mM MgCl2/12 units of reverse transcriptase. The reaction was then precipitated with ethanol, the DNA was recut with a second endonuclease, and the appropriate fragment was isolated by agarose gel electrophoresis. S1 Nuclease Analysis. RNA-DNA hybrids were formed by incubation of 25 ,.g of RNA with "10 ng of labeled DNA Abbreviation: bp, base pair(s).
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. In Vitro Transcription in Isolated Nuclei. Nuclei from 7-, 15-, and 24-hr embryos were isolated as described by Levy et al. (21) . Nascent RNA chains were elongated in the presence of [32P]GTP as described (21), except that the reaction buffer was 10 mM Hepes, pH 7.5/5% glycerol (vol/vol)/75 mM KCl/4.5 mM MgCl2/0.15 mM EDTA/5 mM dithiothreitol. Reactions were incubated at 21'C for 30 min.
Preparation of Labeled M13 Probes of Equal Specific Activity.
[32P]dCTP (3000 Ci/mmol; 1 Ci = 37 GBq) was dried and resuspended in C-mix buffer without dCTP (P-L Biochemicals sequencing manual). M13 clones were annealed with sequencing primer and elongated with equal aliquots of the Cmix buffer and 10 units of Klenow fragment of DNA polymerase (New England Biolabs) for 20 min at 30'C as described (P-L Biochemicals sequencing manual). DNA Dot Blots. DNA blots were prepared on nitrocellulose filters by the method of Kafatos et al. (22) . Filters were hybridized to in vitro labeled RNA for 50 hr at 550C using the conditions of Childs et al. (9) , except that filters were prehybridized for 30 min in hybridization buffer containing lx Denhardt's solution containing tRNA at 100 ,g/ml and salmon sperm DNA at 10 ,ug/ml. These conditions prevent crosshybridization between histone gene families (unpublished data). After hybridization, filters were washed in 2x standard saline citrate/0.1% NaDodSO4 at 650C, rinsed in 2x standard saline citrate to remove NaDodSO4, and digested with RNase A (5 kug/ml) for 1 hr at 370C (1 x standard saline citrate = 0.15 M sodium chloride/0.015 M sodium citrate). Filters were then washed twice in 2x standard saline citrate at 370C and autoradiographed.
RNA Dot Blots. RNA was dissolved in 2 1ul of 3% formaldehyde, heated to 650C for 5 min, and spotted onto GeneScreen (New England Nuclear). RNA dots were hybridized at 520C for 18 hr to M13 probes of equal specific activity as described (9) . RESULTS A S1 nuclease assay (23) was chosen to study the expression of the late histone genes because its sensitivity should allow detection of transcripts early in development not observed by RNA blot analysis (8) or by labeling of mRNA in vivo (9, 11, 12) . In addition, with this method, selective detection of late gene transcripts might be achieved even in the presence of a large excess of stored maternal early histone message.
Protection of a 3'-end labeled early H3 gene (pLpC; isolated from a B-C repeat) by RNA isolated at many intervals throughout early development is shown in Fig. 1A . Two protected fragments can be detected that vary in a coordinate manner during development. The larger fragment [371 base pairs (bp)] maps to the precise 3' end of the H3 gene encoded by pLpC, whereas the other band is about 30 nucleotides shorter. The sequence of the H3 gene of pLpA (isolated from an A-D repeat) contains a 5-bp deletion, relative to pLpC, 30 nucleotides from the 3' end of the message (24) , accounting for the appearance of this smaller band. These results suggest that both tandem repeat subfamilies are used by the embryo and are coordinately expressed. Control experiments indicate that band intensity is directly proportional to the number of transcripts (data not shown). The relative numbers of transcripts in each lane can be directly compared because the amount of RNA per embryo remains constant through the pluteus stage (25) . The data show that the number of early histone mRNAs are relatively constant for the first 6 hr after fertilization. After activation, the mRNAs increase in abundance, accumulating most rapidly 9-11 hr after fertilization, when the number of early H3 transcripts (Fig. 1B) . In contrast to the pattern of early gene transcription, the number of late H3 transcripts does not increase until the late blastula stage, peaking between 21 and 48 hr. Subsequently, the amount of late H3 RNA decreases between 48 and 72 hr, concomitant with decreased cell division. Similar results are obtained when a BamHI/Nar I fragment of pLpH3H4-1 is protected against nuclease S1 digestion by late H4 message (Fig. 1C) . The expected 313-bp protected fragment is clearly visible in RNA from eggs and all subsequent developmental stages, and composes 4% of the total protected probe. In both experiments with late histone gene probes, the major fragment protected in each lane is smaller than the expected fragment by the length of the 3'-untranslated region of the message. The clone used for the experiment is only one member of a small gene family composed of about 10 members (7, 8) . Our nucleotide sequence analysis showed that these genes differ in their 3'-untranslated regions but are >95% homologous in their coding regions (24) . Therefore, the major band most likely represents the combined transcripts of several other members of this small gene family. The smaller bands of various intensities result from polymorphisms of the H3 and H4 messages in the population (preparations taken from multiple animals). These bands all display the temporal pattern of the fragment mapping to the precise 3' end of the mRNA, indicating that they are late gene products. Similar results were obtained when 5'-labeled probes for each gene were used (data not shown).
The temporal pattern of late histone gene expression was quantified by scintillation counting of bands that were excised from the dried gels, or, for early H3, by densitometry. The data indicate that the late gene transcripts increase 164-fold between the stages of the egg and gastrula (48 hr), while the early transcripts increase 6-fold, reaching a maximum at the blastula stage (11 hr). The number of molecules per embryo can be estimated by comparing the number of molecules of early H3 in the egg-i.e., 900,000 (13)-to that of late H3 message present in 48-hr embryos. By using probes of equal specific activity for both early and late H3 genes, hybridization signals to dots of RNA isolated from eggs and 48-hr-old embryos can be used to determine the relative amounts of message at the two stages. As can be seen in Fig.  2 , the amount of hybridization of the late gene probe to RNA of 48-hr embryos is about twice that of early H3 in maternal RNA found in the egg. This indicates the presence of about 1.8 x 106 molecules of late H3 message in the embryo at 48 hr. Late H3 and H4 mRNA are present in approximately equal amounts as determined by RNA blot hybridizations (unpublished data). Combination of the results of Figs. 1 and 2 allows the construction of a graph of the number of molecules per embryo during development (Fig. 3 ). This figure clearly shows a similar time course of expression for both of the late histone genes; they are activated at the time of blastulation and reach peak values of accumulation between 21 and 48 hr. The abundance of both messenger RNAs encoded by these genes decreases rapidly in the 24 hr following gastrulation.
The relative rate of transcription of the late and early genes was investigated by determining the amount of late and early mRNAs made as nascent transcripts (26) isolated from embryos of different developmental stages (Fig. 4) . Scintillation counting of the dots reveals that 7 hr after fertilization, when the early gene transcripts are accumulating rapidly, 64 times as much early histone mRNA is being synthesized than late histone mRNA. By 15 hr, transcription from the early genes has decreased 18-fold, while transcription from the late genes has increased 5.5-fold. During the same time interval, a 3.5-fold increase in relative transcription rates is seen for the late H2A and H2B genes, using a heterologous probe from another sea urchin, S. purpuratus (pSpL3) (8) . At to detect these transcripts until much later in development (8, 9, 12) . This pattern of regulation is reminiscent of that of the oocyte and somatic 5S gene families of Xenopus (28 Fig. 1A ) or by excising the major band from the dried gel and then counting in a scintillation counter (see Fig. 1 B and C). These values were converted to absolute numbers of transcripts by using the known value of egg early H3 mRNAs (900,000, see ref. 13) , and the estimation that 48-hr RNA contains twice the number of late H3 transcripts as the egg has early H3 mRNAs (Fig. 2) (7); pLpC contains the early histone genes H2A and H2B (5); pSpL3 contains late H2A and H2B from S. purpuratus (8) ; and pGC42 contains the early H4 gene from S. purpuratus (27) . molecules per min per gene if the diploid number of genes is assumed to be 740 (31) , and it represents a rate similar to that derived from the accumulation curves constructed by other methods (15) (16) . In contrast, the period of rapid accumulation of the late gene products occurs later. Between 9 and 14 hr the late histone mRNA accumulates at a rate of 4600 molecules per min per embryo or 0.78 molecules per min per gene (20 genes per diploid genome). This increased accumulation of late messages is due, at least in part, to changes in the rate of transcription of the late genes. This is low at 7 hr, when the number of late gene transcripts is relatively constant, and 5.5-fold higher at 15 hr when they are accumulating rapidly. Because the rates of transcription of the late genes are equal at 15 and 24 hr (Fig. 4) , a steady state has been reached where synthesis of new transcripts and decay are balanced. Using the number of molecules of mRNA accumulated during a short period of development (4600 per min) as a minimum estimate of the rate of synthesis of these transcripts, we can calculate the maximal half-life of late H3 and H4 transcripts. The number obtained (4.5 hr) is considerably greater than the decay rate of early histone mRNAs during during this same developmental interval (13) (14) (15) (16) . These estimates of the late histone mRNA half-lives are likely to be greatly exaggerated, but they serve to emphasize the need for measuring absolute rates of synthesis and decay of these mRNAs.
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